Background: Amyloids made of apolipoprotein A-I (apoA-I) contribute to the growth of the atherosclerotic plaques. Results: ApoA-I methionine oxidation by physiological levels of myeloperoxidase induces amyloid formation. Conclusion: Myeloperoxidase-mediated oxidation not only impairs the physiological functions of apoA-I but also promotes protein loss in form of amyloids. Significance: Our findings identify the physiological mechanism transforming wild-type apoA-I into an amyloidogenic protein.
Westermark et al. (19, 22, (25) (26) (27) (28) (29) , a novel scenario is emerging in which wild-type apoA-I is the main component of amyloid fibrils isolated from, so far, lung nodules (21) , knee joints (22) , peripheral neural tissues (sciatic nerve) (23) , aortic valves (24) , aorta atherosclerotic plaques (25, 26) , and peripheral atherosclerotic plaques (27) . Interestingly, in some cases, not only N-terminal fragments but full-length wild-type apoA-I was found in the amyloid fibrils extracted from clinical samples (23) .
The high incidence of amyloid fibrils associated with aortic intima and with atherosclerotic lesions indicates that amyloid deposition in the intima may contribute to atherosclerosis progression (25, 26, 28, 29) ; however, the extent of this contribution is yet to be demonstrated (27) . The identification of apoA-I as the main component of atherosclerosis-associated amyloids suggests a link between local apoA-I oxidation and increased amyloidogenic potential of oxidized wild-type apoA-I. MPO could be the primary mediator of this oxidation (6, 8, 11, 12) . Unfortunately, the oxidation state of apoA-I in amyloid clinical samples composed of wild-type apoA-I (full-length or fragments) is largely unknown (23) , and this causal link remains hypothetical. However Wong et al. (30) recently reported that extensive in vitro apoA-I Met oxidation by H 2 O 2 promotes an amyloidogenic phenotype. Prompted by this observation and the ability of MPO to facilitate Met oxidation in vivo (12) , we hypothesized that MPO-mediated oxidation of apoA-I can produce protein variants that are structurally destabilized and amyloidogenic.
To test this hypothesis, we exposed plasma apoA-I to physiological levels of MPO (in the MPO-H 2 O 2 -Cl Ϫ system). To induce fibrils formation, oxidized apoA-I was incubated at 37°C and pH 6.0, as previously described by Wong et al. (30) . Solid material generated after incubation exhibited the hallmarks of amyloid fibrils: binding to Thioflavin T and Congo red, an increase in ␤-structure, reactivity toward the anti-amyloid fibril-specific antibody OC, and fibrillar morphology when observed by electron microscopy. ApoA-I variants with Met to Leu substitutions were used to investigate the role of each of the three methionines in the structural destabilization process, leading to amyloid fibril formation. Oxidation of Met-148 and Met-86 resulted in increased amyloidogenic traits, whereas oxidation of Met-112 did not contribute to the process of amyloid formation. Our results support the hypothesis that oxidation of apoA-I by MPO levels similar to those found in atherosclerotic lesions is sufficient to render apoA-I amyloidogenic and identify a potential mechanistic link between local inflammation and amyloid deposition in atherosclerosis.
EXPERIMENTAL PROCEDURES
Materials-Sequencing grade endoproteinase Glu-C and modified trypsin were purchased from Promega. MPO from human polymorphonuclear leukocytes was obtained from Calbiochem. Tobacco etch virus protease was produced as described in Tubb et al. (31) . Ultrapure grade Thioflavin T (ThT) and Congo red (CR) were purchased from AnaSpec. The anti-amyloid fibrils OC antibody was obtained from EMD Millipore. CPC Scientific synthesized the isotopically labeled pep-tides. Except where indicated, all other materials were purchased from Sigma.
Plasma ApoA-I-Blood of healthy volunteers was obtained from Research Blood Components, LLC. The blood was donated to the blood bank according to the rules of the institutional review board and with written consent from the donors. HDL was isolated from fresh EDTA-treated plasma from a single donor by density gradient ultracentrifugation in the 1.063-1.21 g/ml density range (32) , dialyzed against 10 mM sodium phosphate, pH 7.5, degassed, and stored in the dark at 4°C. ApoA-I was isolated and purified from HDL solutions as described (33) . Purified apoA-I was refolded from 6 M guanidine chloride by extensive dialysis against oxidation buffer (OB, 10 mM sodium phosphate, 100 M diethylene triamine pentaacetic acid, 100 mM NaCl, pH 7.5). Protein purity was confirmed by SDS-PAGE before freezing the samples for storage. Protein concentration was determined by the BCA assay (Pierce) and spectrophotometrically (⑀ 280 ϭ 1.13 (mg/ ml) Ϫ1 cm Ϫ1 (34) ).
Production of Recombinant Proteins-Single amino acid mutations were introduced into the DNA sequence of wildtype human apoA-I by primer-directed PCR mutagenesis. A His 6 tag and the cleavage site for the tobacco etch virus protease were also engineered at the protein N terminus as described (31) . Multiple Met to Leu and Trp to Phe mutations (35) were generated one by one using the mutated DNA as template for the subsequent primer-directed PCR reactions. The mutated DNA was subcloned into the pET-20b bacterial expression vector (Novagen), and complete DNA sequences were confirmed by sequencing. ApoA-I proteins were expressed in BL21 Escherichia coli (Invitrogen) and purified by nickel affinity chromatography as described (31) . The N-terminal His tag was then removed by cleavage with tobacco etch virus protease followed by purification by Ni-affinity chromatography to capture the cleaved tag fragments and the tobacco etch virus protease (31) and yield the mature target protein. Protein purity was confirmed by SDS-PAGE. Protein preparations were dialyzed against OB and stored frozen until use.
Protein Oxidation-Plasma apoA-I was oxidized using two different systems. Chemical oxidation was performed in OB with excess of H 2 (36) . These conditions are known to oxidize the three Mets of apoA-I with no significant modifications of other residues (30) . Enzymatic oxidation by MPO was performed in OB in the presence of the MPO-H 2 O 2 -Cl Ϫ system for 90 min at 37°C. The MPO concentration was 60 nM, and H 2 O 2 :apoA-I molar ratios were 2:1 and 3:1 for MPO-2:1-H 2 O 2 -apoA-I and MPO-3:1-H 2 O 2 -apoA-I, respectively. Enzymatic oxidation was terminated by the addition of a 10-fold molar excess (relative to H 2 O 2 ) of L-methionine. After oxidation, the protein samples were extensively dialyzed against fibrillation buffer (FB, 10 mM sodium phosphate, pH 6.0) for 2 days with two buffer exchanges. Control samples (Ctrl) were incubated under the same conditions as for chemical oxidation (overnight at 37°C in OB) but in the absence of H 2 O 2 and then treated according to the same procedure used for oxidized samples. Quantification of Met oxidation by liquid chromatography-electrospray ionization mass spectrometry (LC-MS) is reported in Table 1 . When apoA-I was incubated with a 3:1 molar excess of H 2 O 2 , as in the MPO-3:1-H 2 O 2 -apoA-I system but in the absence of MPO, Met oxidation was negligible compared with intact apoA-I and Յ 5%.
Amyloid Fibril Formation-Oxidized apoA-I samples in FB were diluted to 0.8 mg/ml (28.4 M) in sterile 1.5-ml microcentrifuge tubes and incubated at 37°C with continuous vortexing. At the indicated time points, sample aliquots were withdrawn for analysis. Sodium azide significantly reduced the kinetics of fibril formation compared with samples incubated under similar conditions but in the absence of the bacteriostatic, so this chemical was omitted from fibril formation incubations. To minimize the chance of sample contamination and bacterial growth, sterile material was used for aliquot withdrawal.
Fluorescence Spectroscopy-Other laboratories reported that ThT interferes with the kinetics of amyloid fibril formation in real-time continuous assays in which ThT is added to the aggregating solution (37) . In agreement with these findings, the kinetics of amyloid formation by oxidized apoA-I was significantly slower when the protein was incubated in the presence of ThT. To prevent any ThT interference with the fibrillation process, protein incubation was performed in the absence of the dye. ThT fluorescence emission spectra were collected by single time point dilutions in which a small sample aliquot was withdrawn from the incubation mix and added to a 500 M ThT stock solution (in 50 mM sodium phosphate, pH 7.4). The protein sample and the ThT stock solution were combined in a 3.0 mm MicroQuartz fluorometer cell (Starna) to produce 140 l of 18 M ThT and 0.08 mg/ml apoA-I (2.84 M) in 50 mM sodium phosphate, pH 7.4. ThT fluorescence was measured on a Horiba Jobin-Yvon fluoromax-4 spectrofluorometer using an excitation wavelength of 450 nm and 2.5 and 5.0-nm slit widths for the excitation and emission monochronomators, respectively. For each sample, three ThT emission spectra were collected between 460 and 550 nm with 1-nm scanning increments and averaged.
Far UV Circular Dichroism (CD) Spectroscopy-Far UV CD spectra (185-250 nm) were collected on an AVIV 400 spectropolarimeter. For CD analysis, protein samples before and after fibrillation were diluted in FB to ϳ20 g/ml. The CD data were normalized to final protein concentrations and reported as molar residue ellipticity, [⌰] . Isolation of solid material after incubation of samples under fibrillation conditions was achieved by spinning the samples at 10,000 ϫ g for 20 min. Clear supernatants were removed and stored at 4°C for further analysis. Solid pellets were washed two times by resuspending the material in FB, pelleting again, and discarding the supernatant. The final pellets were resuspended in a volume of FB equal to the original supernatant solution. For CD analysis, the final fibril suspensions were diluted with FB to ϳ20 g/ml based on the protein concentration of the original sample before fibrillation. CD analysis of turbid samples may be affected by light scattering. To ensure that the spectral shape of resuspended pellets was not an artifact due to light scattering, CD spectra of freshly diluted samples were recorded in the 0.01-0.1 mg/ml concentration range. The overall spectral shape was reproducible for all the concentrations, thus excluding significant aberrations produced by light scattering.
Fourier Transform Infrared (FTIR) Spectroscopy-FTIR spectra were recorded on a Direct Detect™ spectrometer (EMD Millipore). The Direct Detect™ utilizes a membrane technology optimized for the detection and quantification of proteins. The protein samples, 2 l, were applied directly to a card-based hydrophilic polytetrafluoroethylene membrane; the membrane was thoroughly dried within the instrument before an IR spectrum was collected between 4000 and 800 cm Ϫ1 . The solvent background was subtracted in all the spectra reported.
Isolation of solid material from samples incubated under fibrillation conditions was performed as described for CD spectroscopy. The final pellets were resuspended in a volume of FB equal to the original supernatant solution. A 2-l drop of sample suspension was deposited onto the membrane and dried before FTIR analysis.
Two-dimensional Infrared (IR) Spectroscopy-Two-dimensional IR spectra were collected with an ultrafast laser system in pump-probe geometry with a pulse shaper. For sample preparation, a 2-l drop of liquid sample in aqueous buffer was deposited on a CaF 2 window and dried under nitrogen flow. H/D exchange was achieved by rehydrating the sample by adding 2 l of D 2 O and drying under nitrogen flow. The rehydrating/drying steps were repeated five times for each sample to ensure complete deuteration of the solvent without changing the buffer composition. To verify that the protein or fibril struc- 
Met oxidation was quantified by LC-MS as described under "Experimental Procedures"
The percentage of oxidation of single Met residues is reported as the mean and S.E. n is the number of independent experiments as defined under "Experimental Procedures." N/A, non-applicable for the specific protein variant.
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ture was not altered by such rehydrating/drying treatments, after fibrillation, samples were deposited on a Direct Detect™ polytetrafluoroethylene membrane and exposed to similar rehydrating/drying cycles. No significant changes in the FTIR spectra of samples before and after rehydrating/drying treatments were observed (data not shown). For two-dimensional IR analysis, solid material from samples incubated under fibrillation conditions was harvested as described for CD spectroscopy. The solid pellets were washed 3 times with D 2 O and resuspended in D 2 O before depositing a 2-l drop onto the CaF 2 window. As the solid material was already washed with D 2 O, only two H/D exchange steps were performed on the deposited sample. To ensure an equal path length between samples, the sample cell was assembled by placing a 56-m spacer between two CaF 2 windows. By using a pulse shaper to acquire the two-dimensional IR data, one full two-dimensional IR spectrum can be collected in less than a minute. The spectra reported are the average of 15-20-min acquisitions. Electron Microscopy (EM)-After fibrillation, protein samples were diluted to 0.08 mg/ml before depositing a 4-l sample drop on a grid and staining with phosphotungstate as described in Mehta et al. (38) . EM micrographs were collected using a CM12 transmission electron microscope (Philips Electron Optics) equipped with a Teitz 1K x 1K CCD camera (TVIPS; Gauting Germany). The average fibril width in each micrograph was estimated by measuring the width of the fibril in 40 different points along the fibril length.
Congo Red Binding-CR binding was detected spectrophotometrically according to the method of Klunk et al. (39) . Briefly, CR (1:5, mol of protein:mol of CR) was added to the protein samples, and the absorbance spectrum (425-650 nm) of the mixture was collected on a Shimadzu UV-1800 spectrophotometer. Isolation of solid material from samples incubated under fibrillation conditions was performed as described for CD spectroscopy. The final pellets were resuspended in a volume of FB equal to the original supernatant solution.
Immunoblotting with the Anti-amyloid Fibrils OC Antibody-Dot-blot analysis was performed as described (40) . At selected times during fibrillation, 20 l of incubated mixture were deposited on a nitrocellulose membrane and air-dried. At the end of the experiment, the protein load of the dots was qualitatively evaluated by Ponceau S staining. The protein stain was then washed away from the membrane with TBS-T (0.05% Tween 20 in 50 mM Tris-HCl, 150 mM NaCl, pH 7.4), and the membrane was blocked with 5% nonfat milk in TBS-T. Incubation with OC antibody (41) (1:1000 dilution) was performed overnight at 4°C in TBS-T in the presence of 5 mg/ml BSA. HRP-conjugated secondary antibody was used for detection with ECL substrate.
Mass Spectrometry-Quantitative analysis of apoA-I Met oxidation was performed after proteolysis with modified trypsin or endoproteinase GluC by LC-MS (36) . Briefly, to adjust the pH within the 7.5-8.5 range, 20 g of protein in 8.2 mM Tris-HCl, 150 mM NaCl and 0.1 mM EDTA was buffered with 0.1 M ammonium bicarbonate or 0.2 M ammonium bicarbonate, 5 mM EDTA for trypsin or endoproteinase GluC digestion, respectively, and incubated at 37°C with the protease (enzyme substrate ratio 1:32, w/w) in the presence of 10% acetonitrile.
After a 16 -18-h incubation, new enzyme was added at the same ratio, and the incubation was continued for another 8 -10 h. The reactions were stopped by adding 10% TFA to lower the pH to 2-3. Under such conditions, Ͼ95% of the Met-112and Met-148-containing peptides in the trypsin digest were 108 WQEEMELYR and 141 LSPLGEEMR. Similarly, 86 MSK-DLEE accounted for Ͼ95% of the Met-86-containing peptides produced by digestion with endoproteinase GluC. These three peptides were used for oxidation quantification.
Peptide analysis was performed by RP chromatography (HPLC system 2695, Waters Associates, Milford, MA) on a Protein and Peptide C18 column (25 cm ϫ 2 mm, Vydac) interfaced with a quadrupole mass spectrometer Quattro LC (Waters Associates, Milford, MA) in electrospray ionization mode. For analysis, 80 l of digest containing 200 pmol of protein was injected in the column. After a 3-min wash at a flow rate of 0.2 ml/min, the column was developed with a 60-min gradient from 0 to 40% acetonitrile in the presence of 0.1% formic acid. Data were collected in the continuous mode and analyzed with Mass-Lynx v3.3. Integrated extracted ion current (iXIC) of the ϩ2 ions of the 108 WQEEMELYR and 141 LSPLGEEMR tryptic peptides were used to calculate the extent of Met oxidation using the following formula:
where R is a constant corresponding to the ratio of the slopes of the plots of iXIC in function of peptide concentration for non-oxidized and oxidized peptides. The ratios were determined in a series of runs with isotopically labeled synthetic peptides of known concentration. The dynamic range for the ϩ2 ions of the tryptic peptides was linear from 1 to at least 200 pmol/80 l. Oxidation of Met-86 was quantified in a similar way from the iXIC of the ϩ1 ion of the 86 MSKDLEE peptide, as the plot of the ϩ2 ion iXIC in function of the peptide concentration was not linear. The dynamic range for this peptide extended from 2 to at least 250 pmol/80 l.
Denaturing Gel Electrophoresis (SDS-PAGE)-4 -20% Trisglycine gels (Novex™, Invitrogen) were loaded with 3 g of protein per lane in the presence of SDS and ␤-mercaptoethanol and run at 125 V for 2 h in SDS-Tris-glycine buffer. Gels were stained with GelCode™ blue stain reagent (Thermo Scientific).
Statistical Analysis-Experiments were replicated by independently executing the process of plasma apoA-I or recombinant apoA-I preparation, oxidation, LC-MS quantification, fibrillation, and sample analysis. Statistical analyses were conducted using SAS 9.3 (SAS Institute Inc., Cary, NC). Means and S.E. were calculated for all variables. Differences in kinetics of amyloid fibril formation (t1 ⁄ 2 ) between groups of apoA-I variants were assessed using the appropriate analysis of variance model. If a significant overall difference was found, the Tukey-Kramer's post hoc method for multiple comparisons was employed to determine which groups differed. A significance level of 0.05 was used for all statistical tests. licate (patho)physiologically plausible conditions in vitro, we used low H 2 O 2 to apoA-I molar ratios (3:1 and 2:1) (10). Under these oxidative conditions a fraction of Met residues is transformed to methylsulfoxide (Met(O)), whereas modifications of Tyr and Trp residues are negligible (10, 36) . As a positive control, apoA-I was oxidized by chemical reaction with a large molar excess of H 2 O 2 . It has been previously demonstrated that in these non-enzymatic conditions, the three apoA-I Met residues are exhaustively oxidized with no significant modifications of other residues and that the oxidized protein becomes amyloidogenic (30) .
A few conclusions can be derived from the analysis of the Met oxidation levels obtained with the different oxidation systems (Table 1) . First, natural Met oxidation levels in plasma apoA-I from healthy individuals were very low (Ͻ3%), with no significant differences among the three Met residues. Second, chemical oxidation by a large molar excess (1000:1) of H 2 O 2 achieves high levels of Met oxidation, with Met-86 only slightly less affected (ϳ93% versus 98 -100% of Met-148 and Met-112, respectively). However, at a lower excess of H 2 O 2 (750:1), oxidation of Met-86 was significantly reduced (ϳ67%) compared with the other two residues (Ն94%). These results suggest that in lipid-free apoA-I, the native protein folding partially shields Met-86 from H 2 O 2 oxidation, whereas Met-112 and Met-148 are more readily accessible to the oxidant.
In the presence of the MPO-H 2 O 2 -Cl Ϫ system, the levels of Met oxidation were strictly dependent on the H 2 O 2 concentration in the incubation mix. At a 3:1 molar excess of H 2 O 2 (MPO-3:1-H 2 O 2 -apoA-I), a hierarchy in the susceptibility to oxidation of the three Met residues was clearly illustrated (Table 1) : Met-112 Ͼ Met-148 Ͼ Met-86. In the presence of a lower (2:1) molar excess of H 2 O 2 (MPO-2:1-H 2 O 2 -apoA-I), Met oxidation was significantly reduced, but the trend in susceptibility to oxidation was unchanged. Notably, no signs of protein degradation were detectable by SDS-PAGE in any of the oxidized proteins independently from the oxidation system or H 2 O 2 concentrations used Fig. 1 .
Kinetics of Amyloid Fibril Formation-Oxidized and control apoA-I proteins were incubated under fibrillation conditions (pH 6.0, 37°C, with continuous vortexing), and the ability of the protein samples to increase the fluorescence of the ThT dye was measured over time. Binding of the ThT aromatic moieties to the ␤-strands that are characteristic of amyloid fibril structures produces an increase in ThT fluorescence intensity that can be used as a means to detect amyloid fibril formation.
Time-dependent generation of amyloid fibrils in a sample is illustrated by the increase in ThT fluorescence; Fig. 2A (Fig. 1) . This integrity was maintained up to 2 weeks of incubation (data not shown).
Structural Changes upon Amyloid Fibril Formation-Although apoA-I amyloids extracted from patients with hereditary apoA-I amyloidosis retain some ␣-helical structure, ␤-structures are the dominant stabilizing elements in the fibrils (42) . To investigate whether amyloid formation in vitro by oxidized apoA-I is also accompanied by a significant increase in ␤-structure, protein samples were analyzed by CD and FTIR spectroscopies before and after fibrillation.
The far-UV CD spectrum of intact apoA-I featured the two minima typical of ␣-helical structures (208 and 222 nm, black arrows, Fig. 3 ). Either chemical or enzymatic oxidation of apoA-I resulted in Ͻ10% loss of overall secondary structure, with no change in spectral shape (Fig. 3, A and B) . However, after incubation under fibrillation conditions for 24 h, the CD spectrum of solid material isolated from H 2 O 2 -high-apoA-I was substantially different from the spectrum of H 2 O 2 -high-apoA-I before fibrillation (Fig. 3A) . The minimum at 222 nm was red-shifted to ϳ225 nm, and the intensity of the negative band at 208 nm was significantly reduced. These new features are consistent with a substantial increase in ␤-structures in the solid fraction of the sample (43) . Remarkably, solid material isolated from MPO-2:1-H 2 O 2 -apoA-I displayed similar CD spectral features (Fig. 3B ).
FTIR analysis confirmed and expanded the conclusions derived from CD spectroscopy. The FTIR spectra reported in Fig. 4 span the region of the amide I band, where IR signals from backbone carbonyl stretch modes correlate with the protein secondary structure. A peak in the 1613-1643 cm Ϫ1 frequency range of the amide I region corresponds to ␤-sheet-rich struc-tures, whereas a peak at ϳ1650 cm Ϫ1 represents ␣-helical and random coil structures (44) . The presence of only one defined peak at ϳ1655 cm Ϫ1 in the amide I region of the FTIR spectrum of control apoA-I (Fig. 4A, Ctrl) indicates that the secondary structure of the original protein is predominantly ␣-helical and random-coil, with minimal contribution from ␤-structures. No significant changes in secondary structure were observed in any of the oxidized proteins (Fig. 4A ). However, upon incubation under fibrillation conditions, the appearance of a new band at ϳ1622 cm Ϫ1 in the oxidized proteins (Fig. 4B) was consistent with the formation of a significant amount of ␤-structures. Although the change occurred in all oxidized samples, the amount of ␤-structure after 48 h of incubation correlated with the levels of Met oxidation, i.e. the intensity of the peak at 1622 cm Ϫ1 was higher in MPO-3:1-H 2 O 2 -apoA-I than in MPO-2:1-H 2 O 2 -apoA-I. Notably, no further increase in intensity at 1622 cm Ϫ1 was detectable in the H 2 O 2 -oxidized apoA-I samples.
To evaluate the distribution of secondary structural elements between the soluble fraction and the solid material generated in H 2 O 2 -high-apoA-I after 48 h of incubation under fibrillation conditions, the solid material was separated from the clear supernatant solution as described under "Experimental Procedures." FTIR analysis indicated that after aggregation, the residual soluble fraction of the sample was exclusively composed of ␣-helical/random-coil structures (Fig. 4C ). Furthermore, the solid material did not consist of pure ␤-structures but was a mixture of ␤-sheet and ␣-helical/random-coil elements (Fig.  4C) . Overall, the CD and FTIR analyses confirmed that all the aggregated material was enriched in ␤-structures and that the oxidation promoted by physiological levels of MPO is sufficient to trigger formation of ␤-structure rich amyloid fibrils.
Two-dimensional IR Spectroscopy Analysis-To strengthen the spectroscopic conclusion from CD and FTIR data that amyloid ␤-sheets are present in our samples, we collected two-dimensional IR spectra. Due to the physics of two-dimensional IR spectroscopy and the nature of amyloid ␤-sheets, the signal strength of amyloid ␤-sheets is amplified in two-dimensional IR spectra, making two-dimensional IR a very sensitive diagnostic technique for studying amyloid fiber formation. This technique has been used to probe the dynamics of amyloid fibril formation in human islet amyloid polypeptide (45, 46) , amyloid ␤ peptides (47), ␥D-crystallin (48) , and other proteins. Two-dimensional IR spectra of apoA-I are reported in Fig. 5 . The pair of positive (yellow-orange) and negative (green-blue) peaks in the amide I band region of the two-dimensional IR spectra originates from fundamental ( ϭ 1 3 0) and overtone ( ϭ 1 3 2) transitions, respectively, both of which were probed by the two-dimensional IR pulse. The overtone and the fundamental peaks are centered at different probe frequency due to the anharmonicity of the potential energy surface. The diagonal slices through the fundamental peaks (shown under each two-dimensional IR spectrum) reveal similar features as observed by FTIR.
In the two-dimensional IR spectrum of H 2 O 2 -low-apoA-I (Fig. 5A) , the broad peak centered at pump ϭ 1650 cm Ϫ1 indicates that despite almost complete Met oxidation, before incubation under fibrillation conditions H 2 O 2 -low-apoA-I was still largely composed of ␣-helices and random coil motifs, in accordance with the CD and FTIR results ( Figs. 3 and 4) . Com- pletely new spectral features occurred in the sample after 48 h incubation under fibrillation conditions (Fig. 5B) . The new intense and sharp peak at ϳ1620 cm Ϫ1 indicates formation of amyloid ␤-sheets. The line-width and anharmonic shift of this feature are also consistent with amyloid fiber formation and comparable to what observed in previously studied amyloid fibrils (45) (46) (47) (48) . Notably, a similar enrichment in ␤-sheet structure was observed in MPO-2:1-H 2 O 2 -apoA-I incubated under the same conditions (Fig. 5, D and E) .
In FTIR spectroscopy the signal intensity scales as ͉͉ 2 (with ϭ transition dipole moment), whereas in two-dimensional IR the intensity scales as ͉͉ 4 . As highly ordered ␤-sheets have a large transition dipole moment, their two-dimensional IR signal intensity is greatly enhanced. Thus, the fact that the 1620 cm Ϫ1 peak that was a minor contributor in the FTIR spectrum is the dominant feature of the two-dimensional IR spectrum indicates that the transition dipole is enhanced at least three times, which is a definitive signature of amyloid formation. The intensity at ϳ1650 cm Ϫ1 (Fig. 5, B and E) indicates that ␣-helices and random-coil motifs are also present, in agreement with the FTIR results. Both two-dimensional IR spectra of solid material isolated from MPO-2:1-H 2 O 2 -apoA-I ( Fig. 5F ) and H 2 O 2 -low-apoA-I (Fig. 5C) were consistent with the structural elements expected for amyloid fibrils. No large differences between the two spectra were observed, suggesting that the structure of the amyloid fibrils is independent of the oxidation method.
Morphology of Amyloid Fibrils-Samples incubated under fibrillation conditions were imaged by electron microscopy as described under "Experimental Procedures." Amyloid fibers are well known to form polymorphs in which the same protein can generate multiple fibrillar structures. In H 2 O 2 -oxidized apoA-I, convoluted fibrillar tangles as well as more defined individual threads and rod structures formed within the same sample. Representative images of such morphologies are reported in Fig. 6, A, B , and C. These polymorphs coexisted in samples from different plasma apoA-I preparations after incubation under fibrillation conditions as short as 3 h. Although the relative frequency of the different fibril morphologies varied in different fibrillation experiments, no enrichment of a specific structure versus the others was observed for longer incubation times. In all morphologies, the fibril width averaged from 6 to 10 nm. Rod structures were ϳ200-nm long (Fig. 6C) , and individual thread morphologies extended up to ϳ400 nm (Fig. 6B) . Fibril size and morphologies were comparable with those of amyloid fibrils previously reported for oxidized apoA-I (30) and amyloidogenic mutants of apoA-I (49) . In some cases spherical features were observable in a few areas of the grid (e.g. Fig. 6C ). These structures were not reproducible and did not correlate with the fibrillation experimental conditions (e.g. incubation time, vortexing speed, oxidation system). Therefore, for the scope of this paper, we will not attribute these morphologies to specific molecular species involved in the process of fibril formation.
Notably, although the total amount of fibrillar structures in MPO-oxidized apoA-I was lower than in H 2 O 2 -oxidized apoA-I samples incubated under the same conditions, MPOoxidized apoA-I produced fibrils of similar morphologies and size; one thread-like structure is reported in Fig. 6D . This imaging study indicates that MPO-oxidized apoA-I can yield amyloid fibrils with morphological features similar to those produced by amyloidogenic apoA-I variants and other amyloidogenic proteins.
Congo Red Binding and Immunoblotting with the Anti-amyloid Fibril-specific OC Antibody-To further confirm the amyloid nature of the material produced by oxidized apoA-I, we measured CR binding and reactivity toward a specific antibody against amyloid fibrils (OC). The spectrophotometric assay described by Klunk et al. (39) was used for detecting binding of the CR dye to amyloid material (Fig. 7A) . A red shift of ϳ25 nm in the absorbance maximum of CR that was added to our samples after 24 h of incubation under fibrillation conditions clearly indicates that CR binds to the aggregated material produced by either chemically or enzymatically oxidized apoA-I.
Oxidized apoA-I samples did not react with the anti-amyloid fibril specific OC antibody (Fig. 7B, 0 h) . However, upon incu-bation under fibrillation conditions, reactivity developed rapidly and in a time-dependent manner (Fig. 7B) . The difference in the time course of antibody reactivity between H 2 O 2 -high-apoA-I and MPO-3:1-H 2 O 2 -apoA-I (faster and slower, respectively) was also consistent with the kinetic results obtained by ThT binding (Fig. 2) . CR binding and OC dot-blot results further support the conclusion that both H 2 O 2 -oxidized and MPO-oxidized apoA-I produce amyloid fibrils upon incubation under fibrillation conditions.
Oxidation of Specific Met Residues and Amyloid Fibril Formation-The kinetics of amyloid formation (Fig. 2) by differently oxidized apoA-I (Table 1) suggest that the three Met(O)s do not equally contribute to the amyloid formation mechanism. To dissect how oxidation of each of the Met residues promotes amyloid formation, we generated three apoA-I variants in which one Met was selectively substituted with Leu. Wild-type recombinant apoA-I and the three single Met-to-Leu protein variants were oxidized with a 750:1 molar excess of H 2 O 2 as described for plasma apoA-I and incubated under fibrillation conditions for up to 5 days. Kinetics of amyloid fibril formation were constructed by measuring the time-dependent increase in ThT fluorescence (Fig. 8A) , and t1 ⁄ 2 was calculated by data fitting (Fig. 8B) . Strikingly, substitution of Met-148 with a non-oxidable Leu severely increased the half-time of amyloid formation (t1 ⁄ 2 ϭ 3.7 and 70.1 h for H 2 O 2 -WT-rapoA-I and H 2 O 2 -M148L-rapoA-I, respectively). The longer t1 ⁄ 2 was primarily due to a dramatic increase in the lag phase (Ͻ1 min and ϳ60 h for H 2 O 2 -WT-rapoA-I and H 2 O 2 -M148L-rapoA-I, respectively). Oxidation of Met-86 also contributed to the amyloid formation process, as substitution of Met-86 with Leu significantly impacted the half-time (t1 ⁄ 2 ϭ 38.2 h) through a large increase in the lag phase (ϳ30 h for H 2 O 2 -M86L-rapoA-I). Notably, the half-time of amyloid formation by H 2 O 2 -M112L-rapoA-I was not significantly different from that of H 2 O 2 -WT-rapoA-I ( Fig. 8B) , indicating that Met(O)-112 does not participate in the process of structural destabilization and amyloid fibril formation.
No significant oxidative modifications other than Met oxidation (e.g. Tyr chlorination and Trp oxidation) were reported in apoA-I when the protein was exposed to chemical or enzymatic oxidation conditions similar to those used for this study (10, 30, 36) . In agreement with the literature results, mass spectrometry survey of the tryptic peptides containing Trp and Tyr residues did not reveal significant modifications upon chemical or enzymatic oxidation. However, to conclusively demonstrate that no other protein modifications were responsible for the amyloidogenic outcome of oxidized apoA-I, all three Met were substituted with Leu to obtain a Met-null variant (⌬M-rapoA-I).
When incubated under fibrillation conditions, the H 2 O 2 -⌬M-rapoA-I sample remained clear, and no significant increase in ThT fluorescence was detected for up to a 5-day incubation (Fig. 8A) . Similar results were obtained for MPO-3:1-H 2 O 2 -⌬M-rapoA-I (data not shown). Thus, in the absence of oxidable Met residues, the oxidative conditions used in this study did not produce amyloidogenic modifications in apoA-I. Furthermore, an apoA-I variant in which all Trp were substituted with Phe (⌬W-rapoA-I) (35) also formed amyloid fibrils upon oxidation by H 2 O 2 and incubation under fibrillation conditions ( Fig. 9 ), indicating that Trp oxidation is not necessary for amyloid fibril formation. In summary, these results illustrate that oxidation of Met-148 and Met-86 is exclusively responsible for the amyloidogenic outcome of apoA-I with a prominent contribution from oxidation of Met-148.
Seeding Experiments and Physiological Significance-In vitro, amyloid fibril formation by oxidized apoA-I occurred exclusively at pH 6.0. When H 2 O 2 -oxidized apoA-I was incubated under fibrillation conditions at physiological pH (7.0 -7.4), no structural changes or increase in ThT binding was observed for up to 10 days of incubation. However, when apoA-I fibrils preformed at pH 6.0 were incubated under fibrillation conditions (37°C, with continuous vortexing) at pH 7.0 in the presence of a molar excess of H 2 O 2 -rapoA-I (10:1), amyloid features developed rapidly in H 2 O 2 -rapoA-I, as illustrated by the large increase in ThT fluorescence starting at 3 day incubation ( Fig.  10) . A similar seeding effect also occurred when H 2 O 2 -rapoA-I and preformed apoA-I fibrils where incubated at higher molar excess (100:1), although the increase in ThT fluorescence occurred with longer lag time (4 days) (Fig. 10) . The ability of 1% of amyloid fibrils to transfer amyloid characteristics to the rest of the oxidized protein in physiological conditions is very relevant to the in vivo mechanism of amyloid fibril formation.
DISCUSSION
The current study demonstrates that apoA-I Met oxidation promoted by MPO levels similar to those occurring in atherosclerotic lesions induces amyloid fibril formation. Although the level of apoA-I Met oxidation in human atherosclerotic lesions is unknown, compelling evidence suggests that in atherosclerotic plaques, apoA-I Met oxidation could reach levels similar to those produced by MPO oxidation in this study. Recently, the levels of apoA-I harboring a 3-nitrotyrosine (NO 2 -Tyr) in position 166 or a 2-hydroxy-L-tryptophan (2-OH-Trp) in position 72 were quantified in human plasma and in atherosclerotic plaques (10, 11) . The levels of NO 2 -Tyr-apoA-I and 2-OH-Trp-apoA-I in atherosclerotic lesions were respectively ϳ50and 3000-fold higher than in apoA-I from plasma and normal aortic tissue (10, 11) . Results from Heinecke and co-workers (8) also showed that the percentages of 3-chloro-Tyr and NO 2 -Tyr detected in HDL-associated apoA-I from atherosclerotic carotid lesions were 4 and 22% compared with 1% and Ͻ1% in HDL-associated apoA-I of plasma origin. Although our knowledge of in vivo apoA-I Tyr and Trp modifications has been improving, information relative to apoA-I Met oxidation remains scarce. A recent study has revealed that although the levels of Tyr chlorination in HDL-associated apoA-I from plasma of CVD patients are too low to produce a global reduction of HDL functionality, Met(O) levels (ϳ20% Met-86, ϳ9% Met-112, ϳ12% Met-148) are high enough to impact the efficiency of HDL-mediated cellular cholesterol metabolism systemically (12) . No direct information about the levels of Met oxidation in atherosclerosis plaques is available to date, but if we assume a similar enrichment of Met(O), compared with plasma, as observed for OH-Trp-apoA-I and NO 2 -Tyr-apoA-I, the levels of Met(O) in the atherosclerotic lesions could easily amount to those generated by MPO oxidation and promoting amyloid fibrils formation in the current study.
A survey of the reported cases of non-hereditary (acquired) and hereditary apoA-I amyloidoses indicates that N-terminal rather than full-length apoA-I is the main component of the amyloid fibrils (typically Ͻ 1-80 N-terminal fragments in acquired amyloidosis). Whether apoA-I amyloid fibril formation requires fragmentation of the wild-type protein or N-terminal fragmentation is a secondary step after amyloid fibril formation remains unknown. However, in some cases of acquired amyloidosis, full-length wild-type apoA-I has been detected either as the sole component of amyloid fibrils or in association with N-terminal fragments of the protein (23, 26) . A reverse argument can be formulated by analyzing the case of a patient homozygote for a non-sense mutation at position 84 (50) . The absence of amyloid-related organ failure in this case suggests that the presence of an N-terminal truncated form of apoA-I in plasma does not necessarily promote the amyloid sequelae. Our current results and Howlett and co-workers previous study (30) support the hypothesis that N-terminal fragmentation of apoA-I is not necessary to promote amyloid formation, as no signs of protein degradation were observed in fibrils produced by oxidized apoA-I up to 6 months after fibril formation. These results suggest that oxidation of full-length apoA-I suffices to initiate amyloid fibril formation even in the absence of lysis at the protein N terminus. It is to be noted that in vivo, atherosclerosis-associated amyloids may build up and reside in the atherosclerotic plaques for decades. Therefore, in vivo, apoA-I N-terminal fragments could accumulate due to proteolysis or other lytic events occurring with aging of the amyloid material.
It is also important to notice that the curvilinear fibrillar structures reported in Fig. 6, A, B , and D, may not represent the final form of apoA-I amyloid deposits in vivo but rather a morphological state enhanced in our in vitro experimental conditions. A recent paper from Miti et al. (51) clearly illustrates how different amyloid morphologies can be formed by egg white lysozyme under the control of a variety of factors, such as protein and salt concentration, pH, and temperature. In their experimental model for instance, the thermodynamically favored linear fibrils, similar to the one reported for apoA-I in Fig. 6C , are predominant at lower protein concentrations.
The ability of 1 mol of apoA-I fibrils to seed amyloid formation in 100 mol of oxidized-apoA-I indicates how the oxidized protein contains metastable intermediates that can easily undergo structural rearrangements upon interaction with fully formed amyloid ␤-structures. FTIR analysis of the clarified supernatant from H 2 O 2 -high-apoA-I incubated under fibrillation conditions detected only ␣-helical/random-coil structures (Fig. 4) . We can conclude that no ␤-structure-bearing intermediate species are present in the soluble fraction of the aggregating solution. Therefore, it can be hypothesized that conversion from ␣-helical/random-coil to ␤-structure occurs at the fibril growth interface. For the first time, our results demonstrate that a stable seed is more critical for fibril formation by oxidized apoA-I at neutral pH than the stability of the monomeric protein. In vivo, the presence of serum amyloid P, glycosaminoglycans, proteoglycans, collagen, and other amyloid relevant factors may stabilize early seeds, providing a surface onto which assembly competent molecules can bind.
Met residues are the principal players in amyloid formation by apoA-I. However, results from our Met substitution study indicate that Met-112, despite being the most prone to oxidation of the three Met residues, contributes to a lesser extent to the amyloid formation process, which depends on the presence of a sulfoxide moiety on Met-86 and -148. In particular, when either Met-86 or Met-148 were substituted with Leu, the much longer nucleation phase of the protein variants (lag phase of ϳ30 and ϳ60 h compared with Ͻ 1 min for WT-rapoA-I) illustrates how oxidation of these two residues is critical for seed formation. In later stages of fibrillation however, the process normalizes, as the final morphologies of amyloid fibrils from all the protein variants and WT-apoA-I were similar.
In conclusion, oxidation of Met-148 and -86 by physiological levels of MPO promotes rapid nucleation of the oxidized fulllength apoA-I and formation of amyloid fibrils. The ability of a small concentration of apoA-I fibrils to catalyze aggregation of a larger amount of protein has in vivo pathophysiological implications. A minimal amount of fibrils could be produced in specific microenvironments of the atheroma and transfer to the surrounding tissues to promote more extended amyloid deposition by the large pool of oxidized apoA-I. Our results identify the mechanistic link between local inflammation and deposition of amyloid in the cardiovascular system. The impact on cardiovascular disease of such a conspicuous deposition of amyloids in the arterial intima deserves further investigation.
